Background {#Sec1}
==========

Age determination has great importance in many clinical decisions, being commonly used in pediatrics, legal medicine, forensic sciences, anthropology, odontopediatrics and orthodontics \[[@CR1], [@CR2], [@CR12], [@CR13], [@CR15], [@CR16], [@CR29], [@CR31], [@CR41], [@CR42]\]. Increased immigration and mixing of populations, due to the globalized economy resulting from the increased migratory flow, sets legal problems of various orders, with increasing importance of determining the chronological age of children, youths and young adults. So estimating chronological age is important in assessing the legal adult age of people without documents for judicial purposes, in determining growth and somatic development, in orthodontic treatment and in the area of anthropology to estimate the age of past populations from immature skeletal remains \[[@CR1], [@CR2], [@CR5], [@CR6], [@CR12], [@CR13], [@CR15], [@CR16], [@CR29], [@CR31], [@CR49]\].

Dental and bone age have been assessed to determine to what extent they are correlated for diagnostic purposes. Considering that states of dental mineralization are much less affected by environmental \[[@CR2], [@CR11], [@CR46]\] and hormonal \[[@CR2], [@CR23], [@CR28]\] variations than states of bone mineralization, dental development provides more reliable indications of chronological age than bone development \[[@CR2], [@CR13], [@CR30]\]. Various methods have been proposed to calculate chronological age through dental maturity and mineralization, among which we highlight those proposed by Nolla in 1960 \[[@CR43]\] and by Demirjian et al. in 1973 \[[@CR11]\].

The Demirjian method \[[@CR11]\] is one of the most frequently used in estimating chronological age due to its simplicity, intra-examiner agreement, ease of standardization and ability to be reproduced, having been used and tested across a wide range of populations (e.g. \[[@CR13], [@CR15]--[@CR17], [@CR20], [@CR29], [@CR34], [@CR38], [@CR42], [@CR50]\]. Various studies described in the literature have found the need for the method to be adapted to the populations in which it has been studied \[[@CR36]\]. Rózelo-Kalinowska et al. \[[@CR45]\] compared the dental age of 994 healthy Polish children from 6 to 16 years old with the development patterns proposed by Demirjian, finding that the method overestimated chronological age, with overestimation being more evident in 11-12-year-old girls and 13-year-old boys. Chen et al. \[[@CR8]\] assessed the applicability of the method in 445 Chinese children between 8 and 16 years old, also finding overestimation of age. Qudeimat and Behbehani \[[@CR44]\] tested the method with 509 healthy Kuwaiti children, finding they showed a delay in relation to the French-Canadian children used in the original study by Demirjian et al. \[[@CR11]\]. Bagherpour et al. \[[@CR1]\] tested the accuracy of the method with 170 girls and 114 boys in Iran, finding overestimation of age in boys of 0.34 years and 0.25 years in that of girls, despite concluding the method was appropriate for estimating age, especially in the 9 to 13-year-old sample. Then Jayaraman et al. \[[@CR28]\] concluded that the method underestimated age by 0.24 years in a sample of 266 Chinese orthopantomographs. More recently, Sarkar et al. \[[@CR46]\] analyzed the effectiveness of the method with a sample of 100 Indians between 5 and 24 years old, finding underestimation of age of 1.63 years in boys and 1.54 years in girls. Djukic et al. \[[@CR13]\] assessed the accuracy of the Demirjian and Willems methods with 686 Serbian children between 4 and 15 years old, finding that both methods showed a discrepancy in relation to chronological age, although the Demirjian method was less accurate than that of Willems. Khorate et al. \[[@CR30]\] found an underestimation of around 2 years of chronological age in a sample of 500 orthopantomographs of individuals between 4 and 22 years old in the State of Goa (India).

Besides the Demirjian method, this study analyzes the predictive capacities of the Nolla method \[[@CR43]\] as it has shown itself to be very accurate with a sample of Spanish and Portuguese participants \[[@CR48]\]. The Nolla \[[@CR43]\] method has been one of the least frequently used and tested across populations, despite its effectiveness \[[@CR4], [@CR24], [@CR47], [@CR48]\]. This method has already been tested with children between 3 and 15 years old in Sweden \[[@CR24]\], Finland \[[@CR47]\], and Andalusia \[[@CR4]\], giving a high correlation using a limited number of teeth (teeth 21, 46 and 43 for boys and 21, 47 and 46 for girls under 10 years of age). Holtgrave, Kretschmer, and Müller \[[@CR27]\] also found high accuracy of the method, finding no significant differences between dental age and chronological age in girls (in boys the method overestimated chronological age). The study by Bolanos et al. \[[@CR4]\] showed that the most reliable teeth for estimating chronological age through the Nolla method varied between boys and girls. Caro and Contreras \[[@CR7]\] found greater reliability using this method in determining dental age in permanent teeth, in comparison to three other methods. With a sample of children of Bangladeshi and British Caucasian origin between 3 and 17 years of age, Maber et al. \[[@CR38]\] found underestimation in all age groups, although more pronounced for girls and increasing particularly after 10 years old. Miloglu et al. \[[@CR40]\] also found underestimation of chronological age in Turkish boys and girls from 6 to 18 years old, although more evident in girls, concluding that the method was only accurate for boys.

More recently, Kirzioglu and Ceyhan \[[@CR31]\] compared the Nolla and Demirjian methods with a sample of 425 Turkish children between 7 and 13 years old, from the same socio-economic class and the same ethnic group. An underestimation of −0.53 years was found for boys and −0.57 for girls with the Nolla method, this method being more accurate between 9 and 11 years in both sexes and in the group of 13-year-old girls. On the other hand, the Demirjian method overestimated boys' age by +0.52 and girls' age by + 0.75. Kirzioglu and Ceyhan \[[@CR31]\] concluded that these methods are not totally suitable, with it being necessary to assess specific tables for this population.

Aims {#Sec2}
----

The results of these previous studies indicate that estimating chronological age by means of dental mineralization stage is not a straightforward analysis. It therefore becomes essential to test the accuracy of estimating chronological age from age estimation methods and their applicability to different populations. In this article we intend to evaluate and compare the accuracy of estimating chronological age from dental age measured with the Demirjian and Nolla methods in a Portuguese and Spanish sample. The predicted accuracy of each method will be analyzed considering the global formula of prediction and taking the specific contribution of each tooth into account, according to the seven mandibular teeth staged according to Demirjian's \[[@CR11]\] and Nolla's \[[@CR43]\] dental maturity scales. In the prediction equations, consideration will also be given to variables such as sex and age-group (early childhood, late childhood, youth, and adulthood).

We propose the following specific objectives: 1) Analyze the predictive capacities of the methods proposed by Nolla \[[@CR43]\] and Demirjian et al. \[[@CR11]\]; 2) Compare the magnitude of agreement of the two methods; 3) construct a global model with a predictive value of chronological age according to the classifying variables that showed influence in determining the effectiveness of each method, namely sex and age-group (early childhood, late childhood, youth, and adulthood); 4) Carry out empirical testing of the model's adjustment, comparing real values with predicted values; 5) Demonstrate that neither method has capacities to predict chronological age beyond youth and interpret reasons for the loss of predictive ability as age increases.

Methods {#Sec3}
=======

Participants {#Sec4}
------------

The sample comprises 821 orthopantomographs from Portuguese and Spanish Caucasian individuals, 409 male and 412 female, from Galicia (Spain) and the North of Portugal (convenience sample).The sample calculation was performed using the sample size determination formula based on the estimated proportion of the population with p (proportion of the population of individuals belonging to the category we are interested in studying) and q (proportion of the population of individuals not belonging to the category we are interested in studying, 1 -- p) unknown (see \[[@CR35]\]). So with a confidence level of 90% and α = 0.05, we would need at least 271 (rounded up from the figure of 270.6) subjects. Since we were studying elements of two populations (Portuguese and Spanish), although both Iberian, and since the Spanish population is more than double that of Portugal, we surveyed 270 Portuguese (32.89%) and 551 Spanish (67.11%) citizens. We previously checked there are no differences between Portuguese and Spanish populations. Indeed, the populations are very similar (both belong to Iberian Peninsula), and data were collected near the frontier between the two countries, for convenience reasons. So as expected, no differences were found and we decide to present the results together.

All participants are aged between 4 and 34 years, the mean (M) being 12.56 years and the standard-deviation (SD) 4.53 years. For males, ages range from 4.5 to 34 years, with M = 12.22 years and SD = 4.2 years. The age of females is between 4 and 28.6 years, with M = 12.91 years and SD = 4.8 years. The great majority are between 10 and 15 years of age (n = 334; 40.7%), followed by 7 to 10-year-olds (n = 204; 24.8%). We find a lower percentage of younger participants (3 to 7 years, n = 77; 9.4%) and older ones (20 to 35 years, n = 69; 8.4%) in the sample. We assessed teeth of the 3rd quadrant in all participants.

For age division of participants we used the criteria established in clinical pediatrics, according to Halcrow and Tayles \[[@CR26]\], pp. 195--196\], considering the childhood range as 1--15 years \[[@CR19]\]: early childhood: 0--5 years; late childhood: 6--15 years. We considered as youth the ages from 15 to 19 years and adults beyond 19 years.

Methods of age estimation {#Sec5}
-------------------------

### Demirjian method {#Sec6}

The Demirjian method is a system based on eight stages (from A to H) of dental maturity in the seven left permanent mandibular teeth, observable through orthopantomographs. Each tooth was attributed a stage and converted in quantitative values by applying a specific table, the scores of the seven teeth are summed as a function of sex and the sum of dental maturity is obtained on a scale of 0 to100. This total is converted in dental age using a table for converting the results of dental maturity \[[@CR11]\].

### Nolla method {#Sec7}

The Nolla method \[[@CR43]\] allows classification of dental development from stage one (1 - no sign of calcification with the presence of crept), to stage ten (10 - apical end completed). The orthopantomograph of each tooth is assessed individually and compared with the stage of the Nolla table \[[@CR43]\]. The dental age calculated corresponds to the sum of the Nolla scores. This method requires very consistent discrimination by the observer in assessing dental maturity through radiography \[[@CR40]\].

Ethics and procedures {#Sec8}
---------------------

The present study was part of research approved by the Faculty of Medicine at the University of Coimbra for Portuguese participants. All panoramic radiographs of Spanish participants are included in the database of personal information called "*File \# 20: Patient management and clinical records of oral health*" (School of Medicine and Dentistry, University of Santiago de Compostela). Informed consent was obtained from all patients to include the orthopantomographs in this database, and their subsequent use for research purposes. For minors, the informed consent was requested from their parents/guardians.

The following radiological criteria of exclusion were applied: lack of clarity of dental structures due to problems of contrast, movement or artifacts; impacted teeth; radiopaque obturations or crowns; periapical lesions; endodontic treatment teeth; crowns bridging neighboring teeth.

Statistical analysis {#Sec9}
--------------------

All statistical analyses were performed using the Statistical Package for Social Sciences (SPSS, version 22.0; SPSS Inc., Chicago, IL). Simple and multiple linear regressions were used to obtain a parsimonious model allowing estimation of chronological age from the measurements made of the seven teeth based on each method and the variables of sex and age-group. The statistical assumptions of the models were analyzed and fulfilled, namely those of normal distribution, homogeneity and independence of errors. The first two assumptions were validated graphically and the independence assumption was assessed with the Durbin-Watson statistic (values obtained close to 2) \[[@CR39]\]. In the multiple regressions we used the VIF coefficients to diagnose multicollinearity and no variable showed VIF indicators of multicollinearity (all VIF \< 10). For all analyses we considered a probability of type I error (α) = 0.05. We used cluster analysis to justify, and statistically demonstrate, the adequacy of age-groups formed.

Inter-rater agreement and analysis of temporal consistency {#Sec10}
----------------------------------------------------------

Dental age was calculated for each method. In determining the inter-rater agreement, we calculated the Cohen's kappa coefficient, for the set of seven teeth estimated by the Nolla method. To carry out the Cohen's kappa, we made a partial examination of the codified data, asking four specialists to codify 72 individuals selected in a stratified and random way from those making up the sample. The kappa values for 7 separated teeth indicated an average Kappa of .79 for the Demirjian method and of .89 for the Nolla method. These values show there is clear convergence regarding the categorization decisions taken, since it is current practice to accept that values above 0.75 are indicators of good agreement \[[@CR17]\]. We also obtained a good internal consistence for the teeth assessment, with α = 0.90 for the Demirjian method and α = 0.95 for the Nolla method (values above .80 are considered indicators of good reliability; \[[@CR9]\]).

Aiming to analyze the temporal stability of the measurements made according to both methods, we calculated the Spearman correlation coefficient. Examination of the categorization made by the author of this study at two different times, separated by over six months, resulted in figures between 0.78 and 0.95 (all significant for *p \<* .05), therefore showing good consistency over time. So we consider we can carry out the following analyses without subjectiveness in categorization being a reason for concern.

Results {#Sec11}
=======

Comparison between chronological and estimated age {#Sec12}
--------------------------------------------------

All comparisons between chronological age and age estimated by the original Demirjian and Nolla methods, for males and females, showed significant differences (see Table [1](#Tab1){ref-type="table"}). We found that for males, the Demirjian method overestimated chronological age, while the Nolla method underestimated it, with a statistically significant difference being recorded between the two methods. Comparisons for females point in the same direction, although the differences between the two methods and between these and chronological age were more pronounced. It is therefore important to elaborate regression equations adapted to the Iberian population (Portuguese and Spanish).Table 1**Comparisons between the chronological age and the estimated age by original Demirjian and Nolla methods, for males and females**MalesFemalesMinMaxMSDMinMaxMSD**Age**Chronological (months)54203132.6235.5542203132.1035.70Demirjian estimation70192141.0534.3260192143.8033.34Nolla estimation53204126.8433.9541192125.2134.31**Difference between meansSEΛ WilksF (2, 354)Difference between meansSEΛ WilksF (2, 354)Comparisons**Chronological vs. Demirjian−8.43\*\*\*0.800.40261.18\*\*\*−11.70\*\*\*0.800.29400.35\*\*\*Chonological vs. Nolla5.78\*\*\*0.786.89\*\*\*0.81Demirjian vs. Nolla14.21\*\*\*0.6218.59\*\*\*0.66\*\*\**p* \< .001.

Chronological age forecast from the global scores of Demirjian and Nolla and tooth-by-tooth analysis {#Sec13}
----------------------------------------------------------------------------------------------------

Analysis of the simple regression, when we took the sum of the seven teeth as the predictor and chronological age (measured in months) as dependent variable, was found to be statistically significant (see Table [2](#Tab2){ref-type="table"}). We obtained a predictive capacity of 64.4% of total variance of chronological age of participants using the Nolla score and 47.5% using the Demirjian score (see for each method the range for unstandardized regression weights at 95% confidence interval). Setting out from the sample used and given the low rate of error associated with the inferential method used (under 1 possibility in 1000), the results showed we can apply the equations to Portuguese and Spanish individuals, in order to forecast their respective chronological ages, by both the Nolla and the Demirjian method. The formulas for forecasting chronological age using the Nolla and Demirjian scores are indicated in the last line of Table [2](#Tab2){ref-type="table"}. Substituting the Demirjian or Nolla score in the equation by the value measured in each subject, we obtain an estimate of chronological age (in months). However, the predictive capacity was only slightly above 50% for the Nolla method and just under 50% for the Demirjian method. Confirmation of the predictive capacities of each tooth in particular may help us to clarify these results.Table 2**Simple regression analysis of chronological age predicted by the Nolla and Demirjian scores**ModelDemirjianNolla***B**SE B**β**t**B**SE B**β**t***(Constant)−168.0111.80−14.24\*\*\*−213.399.52−22.42\*\*\*Predictor3.450.13.6927.22\*\*\*5.780.15.8038.53\*\*\*R = .689, **R** ^**2**^ **= .475**, SEE = 3.28R = .803**, R** ^**2**^ **= .644**, SEE = 2.70F(1,819) = 740.64, *p \<* .001F(1,819) = 1484.29, *p \<* .00195% confidence interval for B: .267 to .30895% confidence interval for B: .457 to .507**Equations forecasting chronological age through the significant teeth:Demirjian's formula (global score):Nolla's formula (global score):***Predicted chron. age* = −168.01 + 3.45 × Demirjian's score*Predicted chron. age* = −213.39+ 5.78 × Nolla's score\*\*\**p \<* .001.

Table [3](#Tab3){ref-type="table"} presents the result of the multiple regression analysis, taking as predictors the individual values of the seven teeth used in calculating the Demirjian and Nolla scores and maintaining the dependent variable of chronological age. We find that the seven teeth are able to predict around 57.7% with Demirjian scores and 74.5% with Nolla scores of total variance of chronological age (see for each method the range for unstandardized regression weights at 95% confidence interval). Introduction of the Demirjian or Nolla scores for each specific tooth as predictive variables in the regression equation allowed an increase in the predictive capacity of each method in relation to using the global score (rising from 47.5% to 57.7% in the Demirjian method and from 64.4% to 74.5% in the Nolla method).Table 3**Chronological age predicted by the teeth assessed by the Demirjian and Nolla scores**Predictors:Demirjian method***B**SE B**β**t**95% CI for B***(Constant)−160.1711.65−13.75\*\*\*Lateral Incisor−5.241.48-.18−3.54\*\*\*0.04 to 0.41Central Incisor2.691.15.112.33\*−0.68 to −0.19Canine4.021.96.122.05\*0.01 to 0.661st Premolar10.271.35.367.59\*\*\*0.63 to 1.082nd Premolar−0.351.83-.01−0.19−0.33 to 0.271st Molar0.260.76.010.34−0.10 to 0.152nd Molar12.281.29.469.52\*\*\*0.81 to 1.23R~multiple~ = .759, **R** ^**2**^ **= .577**, SEE = 2.95, F(7,813) = 158.08, *p \<* 0.001**Predictors:Nolla method**(Constant)67.2919.723.41\*\*Lateral Incisor0.492.31.010.21−1.20 to - 0.18Central Incisor−8.273.12-.09−2.65\*\*−0.34 to 0.42Canine7.482.85.162.62\*\*0.16 to 1.091st Premolar−11.342.78-.31−4.08\*\*\*−1.40 to −0.492nd Premolar15.322.50.476.13\*\*\*0.87 to 1.691st Molar−12.682.97-.17−4.27\*\*\*−1.54 to −0.572nd Molar23.251.73.7213.47\*\*\*1.66 to 2.22R~multiple~ = .863, **R** ^**2**^ **= .745**, SEE = 2.30, F(7,813) = 339.62, *p \<* 0.001**Equations forecasting chronological age through the significant teeth:Demirjian's formula (5 significant teeth):Nolla's formula (6 significant teeth):***Predicted chron. age* = −158.77 + 2.68 × Central Incisor - 5.20 × Lateral Incisor + 3.95 × Canine + 10.22 × First Premolar + 12.25 × Second Molar*Predicted chron. age* = 67.07 - 7.95 × Central Incisor + 7.57 × Canine − 11.29 × First Premolar + 15.29 × Second Premolar -- 12.58 × First Molar + 23.24 × Second Molar\**p* \< .05; \*\**p* \< .01; \*\*\**p* \< .001.

We found that for the Demirjian method, the Second Premolar and the First Molar did not predict chronological age significantly (*p* \> .05), while for the Nolla method only the Lateral Incisor was not significant. In both methods, the most significant predictor was the Second Molar; for the Demirjian method, the First Premolar was next, followed by the Lateral Incisor; for the Nolla method, the Second Premolar was next, followed by the First Molar and the Canine. Given the insignificance of the non-predictive teeth, we carried out new multiple regression equations excluding these teeth. The results of the equations forecasting chronological age through the significant teeth appear in the last line of Table [3](#Tab3){ref-type="table"}. Substituting the respective Demirjian or Nolla scores in these equations, we obtain the predicted age, considering the sample of 4 to 34-year-olds.

Influence of sex on predictive capacities of the Demirjian and Nolla methods {#Sec14}
----------------------------------------------------------------------------

Since in previous studies (see Background to this article) both methods are shown to be sensitive to sex, we carried out regression analyses differentiated by sex. We took as predictor the global score of Demirjian and Nolla and as dependent variable the chronological age of men and women separately. The results are shown in Table [4](#Tab4){ref-type="table"}.Table 4**Chronological age predicted by the Demirjian and Nolla methods for males and females**SexDemirjianNolla***B**SE B**β**t**B**SE B**β**t***1) **Male**Constant-135.0313.23-10.20\*\*\*-186.2811.14-16.73\*\*\*Predictor3.100.15.7321.46\*\*\*5.360.18.8330.13\*\*\*R = .729, R^2^ = .531, SEE = 2.89R = .831, R^2^ = .690, SEE = 2.35F(1,410) = 460.63, *p* \< .001F(1,407) = 907.54, *p* \< .00195% confidence interval for B: .235 to .28295% confidence interval for B: .418 to .476Demirjian's formula (male): *Predicted chron. age* = -135.03 + 3.10 x Demirjian's scoreNolla's formula (male): *Predicted chron. age* = -186.28 + 5.36 x Nolla's score2) **Female**Constant-225.6821.25-10.62\*\*\*-248.3615.89-15.63\*\*\*Predictor4.050.26.6718.01\*\*\*6.320.25.7825.53\*\*\*R = .665, R^2^ = .442,SEE = 3.58R = .783, R^2^ = .614, SEE = 2.99F(1,410) = 324.50, *p* \< .001F(1,410) = 651.59, *p* \< .00195% confidence interval for B: .301 to .37495% confidence interval for B: .486 to .567Demirjian's formula (female): *Predicted chron. age* = -225.68 + 4.05 x Demirjian's scoreNolla's formula (female): *Predicted chron. age* = -248.36 + 6.32 x Nolla's score\*\*\**p* \< .001.

The Demirjian method was found to predict 53.1% of total variance of chronological age for men and 44.2% for women, while the Nolla method predicted 69% of total variance for men and 61.4% for women. Therefore, and considering the magnitude of the regression coefficients (see Table [4](#Tab4){ref-type="table"}), we found both methods are able to explain a greater proportion of total variance in men than in women. Comparison of the two methods indicated that the Nolla method had greater predictive capacity than the Demirjian method, for both men and women.

Predictive capacities of the Demirjian and Nolla methods according to age-group {#Sec15}
-------------------------------------------------------------------------------

Aiming to sub-divide the sample in age groups as a function of subjects' proximity in terms of accuracy of age estimation, we perform a Cluster Hierarchy Analysis (Ward method). For the Demirjian method, the dendrogram indicated the existence of two main clusters (cluster 1 -- from 4 to 8 years, and cluster 2 -- from 9 to 34 years), the second cluster being sub-divided in three clusters: from 9 to 14, from 15 to 18 years and from 19 to 34 years. For the Nolla method, the dendrogram presented an age-group distribution very close to that obtained for the Demirjian method: the Nolla method indicated the existence of two main clusters (cluster 1 -- from 4 to 10 years, and cluster 2 -- from 11 to 34 years), with the second cluster being sub-divided in another three: from 11 to 15 years, from 16 to 19 years and from 20 to 34 years. This procedure allowed us to respond to the objective of presenting the results differentiated according to age-groups, based on a similar distribution of explained variance from each method considering each age-group.

Table [5](#Tab5){ref-type="table"} presents the results of estimating chronological age for the four age-groups defined from the cluster analysis for the Demirjian and Nolla methods. Each cluster had a similar configuration in terms of estimation of chronological age from the Demirjian and Nolla scores.Table 5**Chronological age predicted by the Demirjian and Nolla methods for four age-groups defined by cluster analysis**Age-groupDemirjianAge-groupNolla***B**SE B**β**t**B**SE B**β**t*4 to 8 years**Constant67.261.6540.84\*\*\***4 to 10 years**54.851.6932.44\*\*\*Predictor0.200.02.6911.990.430.02.8528.43\*\*\*R = .688, R^2^ = .473, SEE = 0.69R = .846, R^2^ = .715, SEE = 0.80F(1,410) = 143.71, *p* \< .001F(1,322) = 808.14, *p* \< .00195% confidence interval for B: .047 to 0.6595% confidence interval for B: .191 to .220*Predicted chron. age* = 67.26 + 0.20 x Demirjian's score*Predicted chron. age* = 54.85 + 0.43 x Nolla's score**9 to 14 years**Constant4.027.8550.51**11 to 15 years**53.156.757.88\*\*\*Predictor0.83.049.6417.07\*\*\*0.590.04.6515.22\*\*\*R = .640, R^2^ = .410, SEE = 1.29R = .654, R^2^ = .428, SEE = 1.00F(1,410) = 291.46, *p* \< .001F(1,310) = 231.75, *p* \< .00195% confidence interval for B: .208 to .26295% confidence interval for B: .248 to .322*Predicted chron. age* = 4.02 + 0.83 x Demirjian's score*Predicted chron. age* = 53.15 + 0.59 x Nolla's score**15 to 18 years**Constant31.1740.940.76**16 to 19 years**59.6859.441.00Predictor0.93.234.323.94\*\*\*0.780.32.242.46\*R = .324, R^2^ = .105, SEE = 1.08R = .237, R^2^ = .056, SEE = 1.20F(1,410) = 15.49, *p* \< .001F(1,102) = 6.05, *p* = .01695% confidence interval for B: .129 to .39095% confidence interval for B: .072 to .675*Predicted chron. age* = 31.17 + 0.93 x Demirjian's score*Predicted chron. age* = 59.68 + 0.78 x Nolla's score**19 to 34 years**Constant-122.97809.89-0.15**20 to 34 years**-214.81362.66-0.59Predictor2.144.58.050.472.501.90.1471.33R = .047, R^2^ = .002, SEE = 2.28R = .147, R^2^ = .022, SEE = 2.16F(1,410) = 0.22, *p* = .641F(1,79) = 1.74, *p* = .19195% confidence interval for B: -1.96 to 3.1795% confidence interval for B: -.615 to 3.03(Demirjian method not statistically significant, *p* \> .05)(Nolla method not statistically significant, *p* \> .05)\**p* \< .05; \*\*\**p* \< .001.

As observed in Table [4](#Tab4){ref-type="table"}, as the age-group rises, the predictive capacity falls, for both the Demirjian and the Nolla methods. Both methods showed greater predictive power in the youngest age-group (4 to 8 years for the Demirjian method and 4 to 10 years for the Nolla method) and neither was significant in adults (19 to 34 years for the Demirjian method and 20 to 34 years for the Nolla method).

We also found forecasting differences between the two methods, Nolla being more accurate than Demirjian for the youngest ages (early and late childhood). Using the Nolla method, a forecasting gain of 24.2% (R^2^~Nolla~ = .715 - R^2^~Demirjian~ = .473) is obtained over the Demirjan method, for children in the first age group (4--8 years for the Demirjian method and 4--10 years for the Nolla method). As for the second age group (9--14 years for the Demirjian method and 11--15 years for the Nolla method), the forecasting gain using the Nolla method was very small, showing better forecasting of only 1.84% (R^2^~Nolla~ = .428 - R^2^~Demirjian~ = .410). As for the third age group (15--18 years for the Demirjian method and 16--19 years for the Nolla method), although both methods lost considerable predictive capacity in relation to the previous age-groups, the forecasting gains were greater using the Demirjian method, with a 4.9% higher forecast (R^2^~Demirjian~ = .105 - R^2^~Nolla~ = .056) compared to the Nolla method. Figure [1](#Fig1){ref-type="fig"} illustrates the predictive capacities of each method as a function of participants' age-group.Figure 1**Level of prediction of the Demirjian and Nolla methods by age group.**

Predictive capacities of the Demirjian and Nolla methods for the three significant age groups according to sex {#Sec16}
--------------------------------------------------------------------------------------------------------------

From the results presented in the previous section, it is important to analyze in more detail the predictive capacities of both methods up to the age where the method still showed predictive capacities (18 years in the Demirjian method and 19 in the Nolla method). Tables [6](#Tab6){ref-type="table"} and [7](#Tab7){ref-type="table"} present the regression analysis of both methods for the three significant age-groups, for males and females.Table 6**Chronological age (years) predicted by the Demirjian and Nolla methods for three age-groups for males**Age-groupDemirjianAge-groupNolla***B**SE B**β**t**B**SE B**β**t*4 to 8 years**Constant2.870.436.66\*\*\***4 to 10 years**-3.110.56-5.52\*\*\*Predictor0.060.01.7310.09\*\*\*0.210.01.8520.29\*\*\*R = .732, R^2^ = .537, SEE = 0.66R = .849, R^2^ = .721, SEE = 0.77F(1,88) = 101.87, *p* \< .001F(1,159) = 411.73, *p* \< .00195% confidence interval for B: .047 to .07095% confidence interval for B: .190 to .231*Predicted chron. age* = 2.87 + 0. 60 x Demirjian's score*Predicted chron.* age = -3.11+ 0.21 x Nolla's score**9 to 14 years**Constant-9.211.55-5.93\*\*\***11 to 15 years**-4.541.38-3.28\*\*Predictor0.220.02.6813.43\*\*\*0.270.02.7012.69\*\*\*R = .679, R^2^ = .461, SEE = 1.23R = .698, R^2^ = .487, SEE = 0.93F(1,211) = 180.40, *p* \< .001F(1,170) = 161.11, *p* \< .00195% confidence interval for B: .189 to .25495% confidence interval for B: .224 to .306*Predicted chron. age* = -9.21 + 0.22 x Demirjian's score*Predicted chron.* age = -4.54 + 0.27 x Nolla's score**15 to 18 years**Constant-5.687.14-0.80**16 to 19 years**-12.8914.68-0.88Predictor0.220.07.353.03\*\*0.430.21.292.04\*R = .345, R^2^ = .119, SEE = 1.13R = .289, R^2^ = .083, SEE = 1.16F(1,68) = 9.19, *p* = .003F(1,46) = 4.18, *p* = .04795% confidence interval for B: .074 to .36195% confidence interval for B: .007 to .857*Predicted chron. age* = -5.68 + 0.22 x Demirjian's score*Predicted chron. age* = -12.89+ 0.43 x Nolla's score\*\**p \<* .01; \*\*\**p \<* .001.Table 7**Chronological age (years) predicted by the Demirjian and Nolla methods for three age-groups for females**Age-groupDemirjianAge-groupNolla***B**SE B**β**t**B**SE B**β**t*4 to 8 years**Constant2.230.524.31\*\*\***4 to 10 years**-3.490.58-5.99\*\*\*Predictor0.060.01.749.33\*\*\*0.210.01.8520.66\*\*\*R = .742, R^2^ = .551, SEE = 0.67R = .852, R^2^ = .726, SEE = 0.81F(1,71) = 87.05, *p* \< .001F(1,161) = 417.78, *p* \< .00195% confidence interval for B: .045 to .07495% confidence interval for B: .191 to .232*Predicted chron. age* = 2.23 + 0. 06 x Demirjian's score*Predicted chron.* age = -3.49 + 0.21 x Nolla's score**9 to 14 years**Constant-20.662.17-9.51\*\*\***11 to 15 years**-14.182.42-5.85\*\*\*Predictor0.330.02.7214.72\*\*\*0.400.04.6911.18\*\*\*R = .715, R^2^ = .511, SEE = 1.17R = .689, R^2^ = .475, SEE = 1.00F(1,207) = 216.71, *p*\< .001F(1,138) = 124.95, *p* \< .00195% confidence interval for B: .288 to .37695% confidence interval for B: .330 to .472*Predicted chron. age* = -20.66 + 0.33 x Demirjian's score*Predicted chron.* age = -14.18 + 0.40 x Nolla's score**15 to 18 years**Constant-103.3932.59-3.17\*\***16 to 19 years**-4.8515.33-0.32Predictor1.200.33.423.66\*\*0.320.220.1921.44R = .422, R^2^ = .178, SEE = 0.97R = .192, R^2^ = .037, SEE = 1.25F(1,62) = 13.44, *p* = .001F(1,54) = 2.07, *p* = .15695% confidence interval for B: .608 to 1.7995% confidence interval for B: -.125 to .759*Predicted chron. age* = -103.39 + 1.20 x Demirjian's score(Nolla method not statistically significant, *p* \> .05)\*\**p \<* .01; \*\*\**p \<* .001.

We found that for males up to 15 years of age, the Nolla method was a more significant predictor. More specifically, the Nolla method was shown to predict 72.1% of chronological age of boys up to 10 years old, while the Demirjian method only had predictive capacity of 53.7% (up to 8 years old). For the second age-group, the methods were close in terms of predictive power: Nolla presented a predictive capacity of 48.7% of the chronological age of late childhood between 11 and 15, while Demirjian predicted around 46.1%. Surprisingly, the Nolla method's tendency to possess greater predictive power than the Demirjian method was inverted for young boys: the Demirjian method showed a predictive capacity of 11.9% of the chronological age of boys between 15 and 18, whereas the Nolla method only managed to predict 8.3% of the chronological age of boys from 16 to 19. Our results point to the Nolla method being a better predictor of the chronological age of boys up to late childhood, while for teenagers, despite both methods losing considerable predictivepower, the Dermirjian method is seen to be more effective.

Considering females, we found similar results to males only in childhood, although for girls both methods were seen to be slightly more accurate. More specifically, up to 10 years of age, the Nolla method was shown to be a more effective predictor of the chronological age of girls (72.6% of predictive capacity), since the Demirjian method revealed a lower predictive power (around 55.1% up to 8 years old). From late childhood, this tendency was inverted, with the Demirjian method showing itself to be a more accurate predictor: the Demirjian method presented a predictive capacity of 51.1% of the chronological age of girls between 9 and 14 and the Nolla method predicted around 47.5% of the chronological age of girls between 11 and 15. In youths, the differences between the methods were even more marked, with the Nolla method not showing predictive power in females from 16 to 19. On the contrary, the Demirjian method was a significant predictor of females from 15 to 18, explaining about 17.8% of their chronological age. Similarly to the results obtained for males, in females, the Nolla method's tendency to be a more significant predictor in girls up to late childhood was confirmed. Beyond this age the tendency was inverted, the Demirjian method showing itself to be a better predictor and managing to be significant up to 18 years of age, while Nolla was only able to predict the chronological age of girls up to 15.

Discussion {#Sec17}
==========

Far from presenting consensual results, the research carried out led us to the need to test the applicability and credibility of the Nolla and Demirjian methods with a sample of the Portuguese and Spanish population. Substituting in the corresponding equation the Nolla \[[@CR43]\] or Demirjan et al. \[[@CR11]\] value, the resulting forecast is accurate, forming a useful instrument for diagnosis and treatment planning. The seven teeth considered by the Demirjian method were able to predict 47.5% of the chronological age of participants and the Nolla method predicted 64.4%. In our sample, therefore, the Nolla method was a more significant predictor.

The accuracy of both methods varied between the sexes and age groups. Both methods were found to be more precise with males. Estimation of chronological age for four age-groups defined from the cluster analysis showed that as the age-group increases, the predictive capacities of both methods diminish. The Nolla method was more accurate than the Demirjian method in early and late childhood for both sexes. Neither method could predict chronological age in adults. For girls, the Nolla method was more significant up to late childhood and the Demirjian method from this age up to 18 years old. Since the sex variable influenced the predictive capacities of both methods, we conclude that equations to estimate chronological age should use specific coefficients for males and females. Indeed, it is a fact that teeth appear in females before males \[[@CR13], [@CR25]\]. The dental maturity process also presents sex differences, and mineralization is also earlier in females than in males \[[@CR13], [@CR25], [@CR37]\]. The earliest phases of dental maturity are very similar in both sexes up to the first onset of menstruation, greater development occurring beyond that period in girls \[[@CR3]\].

We found the Demirjian method tends to overestimate the real age of participants and the Nolla method tends to underestimate it. Using Demirjian led systematically to overestimation of chronological age. Among others, overestimation was found in the studies by Frucht et al. \[[@CR21]\], Willems et al. \[[@CR50]\], Eid et al. \[[@CR14]\], Foti et al. \[[@CR20]\], Maber \[[@CR38]\], Chen et al. \[[@CR8]\], Galic et al. \[[@CR22]\], Lee et al. \[[@CR33]\], Nik-Hussein et al. \[[@CR42]\], Lee et al. \[[@CR34]\], Feijóo et al. \[[@CR15], [@CR16]\], Kirzioglu and Ceyhan \[[@CR31]\], Flood et al. \[[@CR18]\], Jayaraman et al. \[[@CR29]\] and Djukic et al. \[[@CR13]\]. Among the studies finding overestimation, we should mention those of Khorate et al. \[[@CR30]\] with individuals in Goa, India, Sarkar et al. \[[@CR46]\] with Indian individuals, Cruz-Ladeira et al. \[[@CR10]\] with Venezuelan individuals and Chen et al. \[[@CR8]\] with Chinese children. More recently, Jayaraman et al. \[[@CR29]\] performed a meta-analysis of 274 studies where the Demirjian method was used. The authors recorded average overestimation of chronological age in all the studies (of 0.60 years for boys and 0.65 years for girls), except in a Chinese sample of boys and a Venezuelan one with boys and girls.

Few studies have investigated use of the Nolla method in different populations. One of the most recent studies was made by Kirzioglu and Ceyhan in 2012 \[[@CR31]\]. The authors compared the methods of Nolla \[[@CR43]\], Havikko \[[@CR24]\] and Demirjian et al. \[[@CR11]\] with a sample of healthy Turkish children between 7 and 13 years old, from the same socio-economic status and the same ethnic group. Underestimation of dental age was found with the Nolla method, being more accurate for chronological age between 9 and 11 years in both sexes and in the group of 13-year-old girls. Kirzioglu and Ceyhan \[[@CR31]\] concluded that, despite the Nolla method being more accurate than those of Havikko and Demirjian, these three methods are not completely adjusted, it being necessary to define specific tables for that population. Bolanos et al. \[[@CR4]\] used the Nolla method with a Spanish sample, finding high accuracy for boys and girls up to 10 years old, results which are in agreement with ours. Caro and Contreras \[[@CR7]\] also found higher accuracy in the Nolla method than in the other methods they tested.

One of the possible explanations we point out for the Nolla method showing itself to be a more significant predictor may be related to the fact this method presents more inter-stage sub-divisions, allowing greater inter-stage differentiation of dental maturity. Another explanation could be because in the Demirjian method, the Second Premolar and the First Premolar were not significant in predicting participants' chronological age and the Canine was a weak predictor. However, for the Nolla method, only the Lateral Incisor was not significant in predicting chronological age, all the other teeth being good predictors.

The exclusion of insignificant teeth increased the predictive capacity of the Demirjian method to 57.7% and that of Nolla to 74.5%. The better predictive capacities of Nolla compared to Demirjian is therefore demonstrated in a more heterogeneous sample regarding age (4--35 years), whether using the Nolla value \[[@CR43]\] or the Demirjian et al. \[[@CR11]\] global one, or when considering the specific influence of each tooth. Our results are in line with studies indicating the existence of inaccuracies in estimating chronological age, above all in the Demirjian method -- Frucht et al. \[[@CR21]\], Willems et al. \[[@CR50]\], Eid et al. \[[@CR14]\], Foti et al. \[[@CR20]\], Maber \[[@CR38]\], Chen et al. \[[@CR8]\], Liversidge \[[@CR36]\], Cruz-Ladeira et al. \[[@CR10]\], Galic et al. \[[@CR22]\], Lee et al. \[[@CR33]\], Nik-Hussein et al. \[[@CR42]\], Feijóo et al. \[[@CR15], [@CR16]\], Kirzioglu and Ceyhan \[[@CR31]\], Flood et al. \[[@CR18]\], Djukic et al. \[[@CR13]\], Sarkar et al. \[[@CR46]\], and Khorate et al. \[[@CR30]\].

In all the studies which found significant differences between chronological age and dental age using the various methods, the authors have suggested using correction factors. According to Nik-Hussein et al. \[[@CR42]\], the discrepancies between chronological age and dental age can be due to a positive secular general tendency in which growth and somatic development could contribute to earlier dental eruption and mineralization.

Our results agree with previous studies carried out in a variety of geographical locations, ethnic groups, nutritional and socio-economic conditions, which arrived at different results in relation to the original populations that gave rise to the methods, with the need to elaborate forecasting equations appropriate for each population \[[@CR1], [@CR32], [@CR47]\].

Conclusions {#Sec18}
===========

We can estimate accurately the chronological age for early and late childhood using the Nolla and Demirjian et al. methods. Including adults leads to reducing the predictive capacities of both methods, and especially that of Demirjian.

The Nolla method showed greater predictive capacities than the Demirjian one in samples with more heterogeneous ages. The predictive capacity of both methods was significantly higher for boys and girls up to 10 years old, diminishing progressively up to 18 years old and ceasing to be significant beyond that age. Of all the age segments, the most favorable with the Demirjian method was up to 8 years old, and with the Nolla method it was up to 10 years, for both sexes. The Demirjian method tends to overestimate chronological age and the Nolla method tended to underestimate it, although the differences were less in relation to real age. It is therefore important to elaborate regression equations adapted to the populations studied.

Participants' sex affected the magnitude of predictive capacities in both methods. The Nolla method was more accurate than the Demirjian method in early and late childhood for both sexes. For girls, the Nolla method was more significant up to late childhood and the Demirjian method from this age up to 18 years old compared to that of Nolla. It is therefore important to elaborate regression equations adapted to the populations studied, differentiating by sex and age-group.

B

:   Unstandardized regression coefficient

chron. age

:   Chronological age

Dem.

:   Demirjian method

F

:   F-test

ICC

:   Intra-class correlation coefficient

M

:   Mean

Max

:   Maximum value

Min

:   Minimum value

*P*

:   Significance level

R

:   Linear regression coefficient

R^2^

:   R squared (coefficient of determination)

SD

:   Standard-deviation

SE B

:   Standard-error for unstandardized coefficient

SE

:   Standard-error

SEE

:   Standard-error of the estimate

T

:   Student's t-test

Β

:   Standardized coefficient

Λ

:   Wilks' Lambda.
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